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The study included three independent datasets with fMRI data from a total of 145 chronic low back pain patients and 129 matched healthy
controls. In addition, 120 chronic low back pain patients had two separated fMRI scans (either before and after pain exacerbation, or test-
retest in two weeks). Compared to recent studies investigating the functional abnormalities in chronic pain patients, for example, in Lopez-
Sola et al: 37 fibromyalgia patients vs 37 healthy controls; in Tu et al: 89 migrainuers vs 70 healthy controls; in Kutch et al: 110 chronic pelvic
pain patients vs 107 healthy controls; in Zhang et al., 90 chronic low back pain patients vs 74 healthy controls; in Cottam et al., 25 chronic
osteoarthritis pain patients vs 19 healthy controls, the sample size was considered as sufficiently large to detect group differences between
patients and healthy controls.
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The inclusion and exclusion criteria were pre-established. In dataset 1, 14 of 90 chronic low back pain patients had the same or decreased
levels of pain intensity after pain exacerbation maneuver. These 14 patients were excluded from the following analyses comparing dynamic
resting-state functional connectivity and thalamocortical networks between low pain and exacerbated pain conditions.

We included two independent datasets (dataset 2 and dataset 3) for validation and quality control. In dataset 2, we included 30 chronic low
back pain patients and 30 healthy controls. These participants had two resting-state fMRI scans (separated by about 2 weeks) using the same
MRI scanner as we used in dataset 1. In dataset 3, we included 25 chronic low back pain patients and 25 healthy controls from an
independent site that performed a multi-source interference task before and after resting-state fMRI scans to control the effect of vigilance.

The reoccurring dynamic connectivity states and the temporal properties (i.e., fraction rate and dwell time) of two states were replicated in
both dataset 2 and dataset 3.

Participants consisted of chronic low back pain patients and healthy controls. Since the study aimed to compare the brain differences
between patients and controls, no randomization was required in the study. In all three datasets, all patients and healthy controls were
matched in gender and age, therefore these two major covariates (when studying brain differences between two populations) were
controlled.

The study design required no blinding. Since we aimed to compare the brain differences between patients and controls, and the study did not
include any interventions (e.g., treatment), the group information (patients or healthy controls) was not blinded during data collection and
data analysis.
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The first cohort (Dataset 1) consisted of 90 chronic low back pain patients (age 34.5±9.0; 38 males) and 74 healthy controls
(age 32.4±8.4; 31 males). The second cohort (Dataset 2) consisted of 30 chronic low back pain patients (age 37.2±11.0; 13
males) and 30 healthy controls (age 33.5±7.2; 17 males). The third cohort (Dataset 3) consisted of 25 chronic low back pain
patients (age 48.0 ± 9.6; 7 males) and 25 healthy controls (age 44.3 ± 12.2; 9 males)

Dataset 1 and 2 were recruited by advertisements at MGH, BWH and Boston area.

Dataset 3 was recruited at the outpatient clinic of the affiliated hospital of Xian Jiao Tong University.

All patients in the three datasets met the similar inclusion criteria.

All participants (including low back pain patients and healthy controls) were recruited through flyers and email lists. Although
we cannot eliminate self-selection bias completely, the self-selection should be similar between the patients and controls,
thus it is unlikely for the potential bias to impact our results.

The Institutional Review Board (IRB) of Massachusetts General Hospital (MGH) approved the first two datasets, and the
Research Ethics Committee of the Xian Jiao Tong University approved the third dataset. All experiments were performed in
accordance with the guidelines set forth by the IRB for ethics and protection of human participants. All participants signed
consent form before the start of the experiment.

Resting-state

In the first dataset, all cLBP patients underwent two resting-state fMRI scan sessions. After the first MRI session,
patients stepped out of the scanner and performed pain-exacerbating maneuvers to increase their LBP so that we could
investigate the brain activity/connectivity changes following temporary back pain intensification. After the maneuvers,
which took about 10 minutes, patients entered the scanner for another identical MRI session. Healthy controls did not
perform maneuvers and underwent only one MRI session.

In the second dataset, cLBP patients did not perform maneuvers, and they underwent two MRI sessions separated by
about 2 weeks. No treatment was administered between the two scan sessions. Healthy controls underwent only one
MRI session.

In the third dataset, cLBP patients and HCs performed a multi-source interference task (MSIT) before and after the MRI
scan to increase their attention level. Two different types of trials appeared alternatively (i.e., Control-Interference-
Control-Interference) with a total of 96 trials (48 trials for each task; completed in two blocks outside the MRI room)
before resting-state MRI and a total of 192 trials (96 trials for each task; completed in four blocks inside the MRI room)
after resting-state MRI. Stimulus and inter-stimulus intervals were 1.75 and 0 s, respectively.

No behavioral performance data was recorded during resting state fMRI scanning

functional and structural

3 tesla

In the first and second dataset, functional MRI data were acquired using a 32-channel radio frequency head coil with
gradient echo planar imaging (repetition time: 3,000 ms, echo time: 30 ms, flip angle: 90°, slice thickness: 3 mm,
interslice gap: 0.88 mm, FOV: 240 mm, and 44 slices). Participants in Dataset 1 and Dataset 2 had 6-minute and 8-
minute resting-state fMRI scans, respectively. Structural MRI data were acquired using a multi-echo magnetization-
prepared rapid gradient-echo sequence (repetition time: 2,500 ms, echo time: 1.69 ms, slice thickness: 1 mm, flip angle:
7°, FOV: 256 mm, and 176 slices).
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Statistic type for inference
(See Eklund et al. 2016)

Correction

In the third dataset, functional MRI data were acquired using a 8-channel radio frequency head coil with gradient echo
planar imaging (repetition time: 2,500 ms, echo time: 30 ms, flip angle: 90°, slice thickness: 3 mm, interslice gap: 0 mm,
FOV: 256 mm, and 50 slices). Participants had 6 min 35 sec resting-state fMRI scans. Structural MRI data were acquired
using a fast spoiled gradient echo sequence (repetition time: 10.7 ms, echo time: 4.8 ms, slice thickness 1 mm, flip
angle: 7°, FOV: 256 mm, and 140 slices).

Whole brain

fMRI data were preprocessed using CONN toolbox version 17f. Preprocessing steps included a standard pipeline (functional
realignment&unwarp, functional slice-timing correction, structural segmentation&normalization, functional normalization,
functional outlier detection, and functional smoothing with a 5 mm full-width at half-maximum Gaussian kernel). The details
of default preprocessing pipeline can be found in https://web.conn-toolbox.org/fmri-methods/preprocessing-pipeline.

In CONN toolbox, Functional and anatomical data are normalized into standard MNI space and segmented into grey matter,
white matter, and CSF tissue classes using SPM12 unified segmentation and normalization procedure. This procedure
iteratively performs tissue classification, estimating the posterior tissue probability maps (TPMs) from the intensity values of
the reference functional/anatomical image, and registration, estimating the non-linear spatial transformation best
approximating the posterior and prior TPMs, until convergence. Direct normalization applies this unified segmentation and
normalization procedure separately to the functional data, using the mean BOLD signal as reference image, and to the
structural data, using the raw T1-weighted volume as reference image. Both functional and anatomical data are resampled to
a default 180x216x180mm bounding box, with 2mm isotropic voxels for functional data and 1mm for anatomical data, using
4th order spline interpolation.

MNI

The first five scans were removed for signal equilibrium and participants’ adaptation to the scanner’s noise. Group
independent analysis (GICA) identified spatial components related to head motion, white matter, and cerebrospinal fluid
were discarded. Additionally, head motion was summarized as frame-wise displacement (FD) time series, according to
Power's method. We used the maximal FD as summarized head motion value for each participant and we did not find any
significant difference of head motion between patients and healthy controls in three datasets. Details can be found in Figure
S16.

Artifact detection tools (ART) was applied to detect motion during the resting state fMRI scan. Time points in subjects’ images
were marked as outliers if the global signal exceeded three standard deviations from the mean or if scan-to-scan motion
deviation exceeded 0.5 mm. Those outliers, in together with linear and polynomial trends of 6 head motion parameters, were
included as nuisance regressors during the denoising procedure in the post-processing steps of GICA.

To investigate the group difference of occurrence rates and graphical measures of two dynamic states, we used univariate
two-sample t test to compare patients and healthy controls; paired-sample t test to compare patients in two sessions before
and after maneuver; paired-sample t test to compare patients in two test-retest sessions. P values were false-positive
discovery rate (FDR) corrected.

To investigate the abnormal thalamocortical networks in cLBP patients, we performed thalamus to whole brain connectivity
analyses using two ICA derived thalamic nuclei. The resulted connectivity maps at individual levels were compared between
cLBP patients and healthy controls using mass-univariate two-sample t test, as well as between cLBP patients before and
after maneuver using mass-univariate paired-sample t test.

No task or stimulus conditions were tested

The primary ROI-based analysis was based on the group template of ICNs derived from HCP and GSP for
spatially constrained ICA. We also validated the ROI-based results using the Yeo 7-network functional
parcellation. The seed for thalamocortical network analysis was also derived from the ICN template. We
also validated the results using the FSL sub-thalamic atlas.

Mass-univariate statistical comparisons were thresholded at p<0.005 at voxel level

FDR correction was performed with a threshold of p<0.05 at cluster level.




